A magnetic tunnel junction ͑MTJ͒ can detect microwave magnetic field due to the interplay between the ferromagnetic resonance and tunneling magnetoresistance. Based on the fact that the tunneling resistance change is quadratically proportional to the rf magnetic field, we have designed a mixing circuit in which two microwaves interfere, giving rising to a dc voltage containing the phase difference between the two microwaves. With ability to detect microwave intensity and phase, the MTJ-based device may be used for on-chip microwave network analyzer and spectrum analyzer.
The potential applications of magnetic tunnel junction ͑MTJ͒ in microwave have been extensively investigated in recent years. [1] [2] [3] [4] [5] Numerous prototype microwave devices have been demonstrated, such as microwave oscillator, 4, 6 microwave detector, 3, 7 and microwave modulator, 8 etc. To detect microwaves, one can use either the rectifying effect in spin diodes 7 or the microwave photoresistance effect. 5, 9 Microwave detectors based on both effects have shown promising sensitivity and unique features such as frequency selectivity. However, the research has so far only focused on the detection of the microwave magnitude. In this manuscript, we will demonstrate a microwave phase detection using a MTJ, which is placed on a common short of two coplanar waveguides ͑CPWs͒. A microwave under test A cos͑t + 1 ͒ and a reference microwave with the same frequency B cos͑t + 2 ͒ are fed from the two CPWs. A voltage generated cross the MTJs has a term related to the product of the two microwave signals A cos͑t + 1 ͒ ϫ B cos͑t + 2 ͒ = ͑1 / 2͒AB cos͑2t + 1 + 2 ͒ + ͑1 / 2͒AB cos͑ 1 − 2 ͒. By detecting the dc term, one can determine the phase difference between the two microwaves. In our proposed design, a MTJ senses the interference between the magnetic fields of the two microwaves, which exhibits similar mathematical form as the conventional mixing technique.
As shown in Fig. 1 , a MTJ is lithographically patterned on a common short line of two CPWs. The structure of the MTJ is Cu 120 nm/CoFe 4 nm/IrMn 15 nm/CoFe 4 nm/AlO x 2.3 nm/NiFe ͑Py͒ 20 nm/Au 50 nm. The magnetization in the CoFe layer is pinned in the z direction as defined in Fig. 1 . The CPW is made of the 120 nm copper. The whole structure is fabricated on a high resistive silicon wafer to reduce the microwave loss. Also shown in Fig. 1 , microwave whose amplitude is modulated by a function generator at 430 Hz is output from a vector network analyzer ͑VNA͒. The microwave is split into two branches. The right branch is directly fed into the right CPW. The microwave in the left branch passes through a tunable phase shifter before it is fed into the left CPW. A pair of Helmholtz coils is used to adjust the external magnetic field in order to reach the ferromagnetic resonance ͑FMR͒ of the MTJ. The external magnetic field generated by the Helmholtz coil is in the z direction and the microwave magnetic field generated at the short is in the x direction. Therefore, the free layer of the MTJ precesses under the excitation of the microwave, and the resistance of the MTJ changes with the same modulation frequency ͑430 Hz͒ imposed on the microwave. The MTJ is biased with a constant current source and the microwave induced resistance change is converted into a voltage signal together with a large dc voltage background. A lock-in amplifier that is connected to terminals of the MTJ selectively picks up the 430 Hz voltage signal, which relates to the microwave induced resistance change.
The two CPWs are well terminated by the common short line with the isolation of about 50 dB. Microwaves from two CPWs will be reflected at the short. The microwave currents generate microwave magnetic fields on top of the CPW lines. At the common short line, the microwave magnetic field h t is the linear superposition of the two microwave currents from a͒ Electronic mail: jqx@udel.edu. both CPWs, h t = h 1 e it + h 2 e i͑t+͒ , where h 1 and h 2 are the magnetic fields generated by the microwave currents from the left CPW and the right CPW, respectively; is the angular frequency of the microwave, and is the relative phase between h 1 and h 2 .
When a MTJ is placed on top of the common short line, its resistance is affected by the total microwave magnetic field due to the free layer magnetization precession. It has been shown in Ref. 5 that the free layer magnetization precession induces an increase in the average resistance in a MTJ with parallel magnetization configuration and a decrease in the average resistance in an antiparallel configuration. Such change in the resistance is the most prominent at the FMR, where the free layer precession is the strongest. When the microwave excitation is below the nonlinear precession threshold, the average resistance change has a quadratic dependence with the magnitude of the microwave magnetic field,
In the experimental demonstration, the nominal power input is 1 mW and the frequency is 2 GHz. A 44 Oe external field is used to set the MTJ at its FMR at parallel configuration and a Ϫ39 Oe external field is used to reach FMR at antiparallel configuration. The MTJ is biased with a 10 A dc current. The microwave induced voltage is measured by the lock-in amplifier and the voltage difference between the resonance at parallel and antiparallel configuration is taken to cancel out the background signal. The experimental result is shown in Fig. 2͑a͒ . The microwave induced voltage reveals a sinusoidal relationship with the phase change tuned by the microwave phase shifter as described in Eq. ͑1͒. A control experiment is also performed by placing one of the coplanar airprobes onto the adjacent identical pattern on the wafer, as illustrated in Fig. 2͑c͒ . It is worth pointing out that due to the strong isolation of the shorted line, the microwave propagation in these structures should be identical as the structure in Fig. 2͑b͒ . However, in this case, the MTJ is excited by only one branch of microwave. As a result, the voltage response shows much weaker phase dependence. The periodicity is half of the case where two microwave currents are interfering. Such phase dependence is due to dimensional resonance, where the microwave is reflected from one shorted CPW and transmitted into the other waveguide. The reflected microwave goes through the phase shifter twice, which explains the half periodicity in the control experiment. The derivation of Eq. ͑1͒ is based on the assumption that the microwave magnetic field distribution on the short line is uniform. However, the microwave current tends to flow through a relatively narrow channel of the short line due to the skin effect, causing nonuniform field distribution on the short line. Indeed, a HFSS simulation of the microwave field distribution at the common short line reveals the nonuniformity, as shown in Fig. 3͑a͒ .
In order to take this spatial field distribution into account, one can divide the MTJ vertically into many small segments and calculate the total resistance change in a parallel circuit model as shown in Fig. 3͑b͒ ,
where R and ⌬R are the total resistance of the MTJ and total resistance change due to the magnetization precession, while R i and ⌬R i are the resistance and resistance change in each individual fraction of the MTJ. Assume the spatial distribution of the microwave magnetic field from one branch of the CPW is h rf f͑x , y͒, where h rf is the average microwave magnetic field and f͑x , y͒ is a normalized spatial distribution function. Due to the symmetry, when two microwaves are fed into the device, the total microwave magnetic field can be written as h 1 f͑x , y͒ + h 2 f͑w − x , y͒, where h 1 an h 2 are the average microwave magnetic field generated from each microwave input and w is the width of the short line. The spin wave decaying length in Py film is on the order of microns, 10, 11 while our device only has 50 micron in the lateral dimension. Therefore, the magnetization precessions at different locations are coupled through spin waves. Taking this coupling effect into account, the magnetization precessions at different locations can be expressed as m͑x , y͒ = ͓͛h 1 f͑xЈ , yЈ͒ + h 2 f͑w − xЈ , yЈ͔͒⌫͑xЈ , yЈ , x , y͒dAЈ, where A is the area of the MTJ, FIG. 2 . ͑Color online͒ ͑a͒ Relative phase dependence of the microwave induced voltage. ͑b͒ Two microwaves are fed into one structure, corresponding to the "Interference" curve in ͑a͒. ͑c͒ One microwave is fed into detection structure, while the other microwave is fed into an identical adjacent structure. In this case the microwave in the circuit is the same with the ones in ͑b͒. But the induced voltage response is only due to one of the microwave input, corresponding to the "Left only" and "Right only" curves in ͑a͒. ⌫͑xЈ , yЈ , x , y͒ is a correlation function that describes the magnetization precession at ͑x , y͒ due to the microwave magnetic field at ͑xЈ , yЈ͒. When the sample size is much larger than the spin wave decaying length, it can be considered that the magnetizations at different locations precess independently. In this case, the correlation function is equal to ␦͑x − xЈ , y − yЈ͒, where is the magnetic susceptibility of uniform mode.
Based on these assumptions, Eq. ͑2͒ can be reconstructed as ⌬R ϰ Ͷͭ ͯh 1Ͷ f͑xЈ,yЈ͒⌫͑xЈ,yЈ,x,y͒dAЈͯ
which has a form of 0 ͑h 1 2 + h 2 2 ͒ +2h 1 h 2 cos͑ + ͒. The additional phase in the expression originates from the complex correlation function ⌫͑xЈ , yЈ , x , y͒. Despite of the complicated form, the spatially nonuniform distribution does not invalidate the application of phase determination. Once one learns the value of the integrals in Eq. ͑3͒ from simulation or calibration, the intensity and phase of the microwave magnetic field can still be accurately determined.
In summary, we have demonstrated that a pair of common shorted waveguides with MTJ mounted on the short line can function as a microwave phase detector. The common short line isolates the two microwave inputs and the microwave current flowing through the common short line is the linear superposition of the two microwaves. By detecting the total emitted magnetic field, the relative phase difference between the two microwaves can be determined. The nonuniform distribution of microwave magnetic field at the common short line may reduce the sensitivity of the phase detection by a geometric factor, which can be predetermined. With the ability to detect both magnitude and phase of microwaves, this MTJ-based device may find many applications such as on-chip network analyzer and spectrum analyzer.
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